Plants are known for their capacity to regenerate organs, such as shoot, root and floral organs. Recently, a number of studies contributed to understanding the mechanisms of shoot and root regeneration. However, the mechanisms underlying floral organ regeneration are largely unknown. In this study, we established a carpel regeneration system in which two types of carpels were induced by exogenous cytokinin. For type I, all the floral organs in the regenerated inflorescence were transformed into carpels. For type II, carpels were generated directly from callus. The transcript level of AGAMOUS (AG), the carpel identity gene, was up-regulated during carpel induction. The expression signals of AG were detected in the initiating carpel primordia and regenerating carpels, and co-localized with those of two Type-B ARABIDOPSIS RESPONSE REGULATORs (ARRs), ARR1 and ARR10. Repression of either AG or type-B ARRs reduced carpel regeneration. Binding analyses showed that ARR1 and ARR10 directly bound to transcriptional regulatory regions of AG and positively regulated its expression. In addition, the expression of type-B ARRs overlapped with that of AG in the floral primordia in planta. Defects in type-B ARRs reduced the number of carpels. The results indicate that type-B ARRs control carpel regeneration through activating AG expression. Our results provide new information for understanding the mechanism of carpel formation.
Introduction
High cellular plasticity confers a powerful capacity to regenerate organs in plants (Ikeuchi et al. 2016 , Shang et al. 2016 .
Under proper culture conditions, the balance between auxin and cytokinin promotes cellular reprogramming and determines organ regeneration (Iwase et al. 2017) . A high cytokinin to auxin ratio leads to shoot regeneration, while a high auxin to cytokinin ratio specifies root formation (Skoog and Miller 1957) . The whole plant body can be derived from successive formation of shoot and root (Duclercq et al. 2011) . In addition to shoot and root regeneration, reproductive organs can be induced directly from callus cells. In some plant species, such as Hyacinthus orientalis, all types of floral organs including the tepal, stamen and carpel can be regenerated from the plant tissue by different levels of plant hormones (Lu et al. 1988 , Lu 2003 , Wu et al. 2003 , Xu et al. 2004 ). These regenerative systems shed new light on understanding organ initiation and promote the progress of biological breeding. The regeneration of these organs is correlated to functions of transcription factors, which play critical roles in regulating floral organ development (Li et al. 2002 , Xu et al. 2004 . However, the molecular mechanisms remain largely unknown.
Most flowers consist of four types of floral organs which are controlled by the class-A, -B and -C organ identity genes (Coen and Meyerowitz 1991) . In Arabidopsis, AGAMOUS (AG), encoding members of the MADS family of transcription factors, is classified as the class-C gene that is required for stamen and gynoecium determination (Yanofsky et al. 1990 ). Moreover, the floral homeotic gene AG required for floral meristem determinacy is activated by WUSCHEL (WUS) expression in the early floral meristem at floral stage 3 (Lenhard et al. 2001 , Lohmann et al. 2001 . Expression of AG is also mediated by LEAFY (LFY) and APETALA1 (AP1) synergistically, which controls the transition of meristem activity from indeterminate to determinate (Weigel and Meyerowitz 1993) . In ag mutants, organ development does not terminate with the formation of fourth-whorl organs, but continues indeterminately (Huang et al. 2017 ). Thus, ag-1 mutant flowers have an indeterminate number of whorls containing only sepals and petals, resulting in a flower-within-flower phenotype (Bowman et al. 1989 . Our previous work indicates that HAG1, a homolog of AG in H. orientalis, is required for the determination of floral organ types, which is mediated by auxin and cytokinin (Li et al. 2002) . Plant Cell Physiol. 59(4) : 756-764 (2018) doi:10.1093/pcp/pcx187, Advance Access publication on 24 November 2017, available online at www.pcp.oxfordjournals.org ! The Author 2017. Published by Oxford University Press on behalf of Japanese Society of Plant Physiologists. This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons.org/ licenses/by-nc/4.0/), which permits non-commercial re-use, distribution, and reproduction in any medium, provided the original work is properly cited. For commercial re-use, please contact journals.permissions@oup.com Auxin and cytokinin determine organ regeneration through their signaling components (Duclercq et al. 2011 , Iwase et al. 2017 . In Arabidopsis, auxin regulates shoot meristem formation through AUXIN RESPONSE FACTOR3 (ARF3) repressing the expression of the ATP/ADP ISOPENTENYLTRANSFERASE5 gene, which encodes the key enzyme of cytokinin biosynthesis (Cheng et al. 2013) . Interestingly, cytokinin signaling components, type-B ARABIDOPSIS RESPONSE REGULATORs (ARRs), activate the expression of WUS encoding a key regulator for stem cell specification (Meng et al. 2017 ). Here, we described that the carpels or carpel-like organs were induced with a high level of cytokinin through AG expression promoted by its signal transduction factors type-B ARRs . Our study provides new information for understanding the mechanism of carpel formation.
Results

Exogenous cytokinin induces carpel regeneration
We have described the inflorescence regeneration system previously (Cheng et al. 2010) . Pistils at stage 10 were used as explants and were first cultured on a callus-inducing medium (CIM) for 15 d to generate callus. The calli were then transferred onto an inflorescence-inducing medium (IIM) containing 2.0 mg l -1 zeatin (ZT) and 0.01 mg l -1 IAA to induce inflorescence regeneration. To induce carpel regeneration, we established a system by adjusting the hormonal concentration in IIM. Carpel regeneration occurred at high frequency when the ZT concentration was increased to 20 mg l -1 . The medium containing 20 mg l -1 ZT and 0.01 mg l -1 IAA was thus defined as the carpel-inducing medium (CaIM).
Two types of carpels (type I and II) regenerated in our carpel induction system ( Fig. 1A, B ; Supplementary Fig. S1 ). Inflorescence primordia on callus were observed at 10 d induction on CaIM (CaIM10). At CaIM25, flower-like structures were generated from the inflorescence ( Fig. 1B ; Supplementary Fig. S2 ). The inflorescences regenerated on IIM formed normal lateral organs. In contrast, in the inflorescences regenerated on CaIM, the lateral organs (including cauline leaves, sepals, petals and stamens) were transformed into carpels; these were designated as type I carpels ( Fig. 1B) . Type II carpels regenerated directly from the callus (Fig. 1B) . Carpel primordia were visible on the surface of the callus at CaIM10 and further developed into mature carpels at CaIM25. The frequency of type I and II regeneration was 92.9% and 57.5%, respectively ( Supplementary Fig. S3 ). In 50.4% of the examined calli, both types were observed. Although some of the regenerated carpels were unfused, type I and II carpels had normal stigma and ovule structures ( Fig. 1B) . Carpels also regenerated from callus cultured on CaIM without IAA, but at a lower frequency than that on CaIM with IAA (data not shown). These results indicate that a high concentration of exogenous cytokinin induces carpel regeneration.
AG is required for cellular reprogramming during carpel regeneration
To study the molecular mechanisms underlying carpel regeneration, we detected the transcript levels of genes involved in floral organ development. The AG transcript level was up-regulated at CaIM4, and further increased at CaIM6, compared with that at CaIM0 ( Supplementary Fig. S4 ). The AG transcript levels at CaIM4 and CaIM6 were significantly higher than those at IIM4 and IIM6, respectively. We further traced the expression pattern of AG during carpel regeneration using pAG::AG-GFP lines (Ji et al. 2011) . In type I carpel regeneration, the inflorescence meristem was initiated at CaIM6. The green fluorescent protein (GFP) signals became detectable at the peripheral region of the regenerated meristems, indicating the formation of carpel primordia ( Fig. 2A) . At CaIM10, AG expression was detected in the carpel primordia and regenerating carpels. The expression pattern of AG was confirmed using pAG::GUS transgenic lines, and similar results were obtained. However, in the normal inflorescence regenerated on IIM as a control, AG expression was only observed in the central region of flower primordia (Fig. 2C) . In type II carpel regeneration, AG expression signal was detected in the initiating carpel primordia at CaIM6, and was distributed throughout the regenerated carpel thereafter (Fig. 2B) . The expression pattern of AG was further confirmed by in situ hybridization and pAG::GUS transgenic lines ( Fig. 2B) . These results show that AG expression is involved in cellular reprogramming during carpel initiation.
Next, we tested whether AG is required for carpel regeneration. Because we could not obtain pistil explants from the ag mutant, we used artificial microRNAs (ams) driven by an ethanol-inducible promoter to knock down the transcripts of AG temporally (Leibfried et al. 2005 , Zhao et al. 2010 . Without exogenous ethanol, the seedling and flower phenotypes of am-AG transgenic lines were indistinguishable from those of the wild type ( Supplementary Fig. S5A , C). After ethanol induction for 12 h, the transcript level of AG was significantly reduced ( Supplementary Fig. S5B ). An ethanol treatment of the transgenic line after bolting led to a phenotype similar to that of the ag mutant ( Supplementary Fig. S5C ). Thus, we used the am-AG line for carpel induction. When ethanol was added to the CaIM, the carpel initiation exhibited a 2 d delay, and reached the regenerative frequency of 82.1% at CaIM25, demonstrating that exogenous ethanol has little effect on carpel induction ( Fig. 3) . However, the carpel regeneration was inhibited in the am-AG line compared with the control. In addition, leaf-like structures were generated (Fig. 3) . The results indicate that AG function is required for cellular reprogramming and subsequent carpel regeneration.
Type-B ARRs are involved in the regulation of carpel regeneration
Because carpel regeneration is induced by exogenous cytokinin, we determined whether cytokinin signaling plays a role in this process. Our previous study showed that ARR1 and ARR10 are required for shoot regeneration (Meng et al. 2017 ). Thus, we analyzed the spatiotemporal expression pattern of ARR1 during carpel regeneration using pARR1::ARR1-GFP reporter lines ( Fig. 4A) . At the beginning of CaIM culture, ARR1 signals were distributed evenly at the edge of the callus. During type I carpel regeneration, the signals were restricted to the peripheral region of the regenerated inflorescence meristem at CaIM6, and distributed in carpel primordia and regenerating carpels at CaIM10. Similarly, during type II carpel regeneration, the signals were restricted to the carpel primordium at CaIM6, and subsequently to the regenerating carpel. These results demonstrate that the expression pattern of ARR1 is similar to that of AG.
To examine the relationship between the expression patterns of type-B ARR genes and AG further, we generated pARR10::ARR10-mCherry; pAG::AG-GFP double reporter lines (Fig. 4B) . The expression pattern of ARR10 was similar to that of ARR1 at the beginning of CaIM culture. During both type I and type II carpel regeneration, the expression signals of ARR10 overlapped with those of AG in carpel primordia and regenerating carpels, suggesting that type-B ARR genes are involved in AG function.
Next, we determined whether type-B ARRs play a role in carpel regeneration. We used transgenic lines expressing an artificial microRNA to target specifically ARR1 and ARR10 under an ethanol-inducible promoter. Callus formation was not affected in am-ARR1/10 lines. However, when am-ARR1/ 10 callus was transferred onto CaIM to which ethanol had been added, the frequency of carpel regeneration was significantly decreased compared with that of the control, confirming that type-B ARRs are required for carpel regeneration (Fig. 5A, B) . The results were further confirmed using arr1 10 double and arr1 10 12 triple mutants which also display highly reduced carpel induction (Fig. 5B) . Quantitative reverse transcription-PCR (qRT-PCR) and our previous study revealed that the reduction of carpel regeneration is related to the decreased transcript levels of ARR1 and ARR10 ( Supplementary Fig. S6 ) (Meng et al. 2017 ).
ARR1 and ARR10 directly regulate AG expression
The overlapping expression patterns of type-B ARR genes and AG prompted us to test whether type-B ARRs regulate AG expression. To this end, we detected the transcriptional levels of AG using qRT-PCR and found an obvious reduction in the arr1 10 and arr1 10 12 mutants, indicating that type-B ARRs play a positive regulatory role in AG transcription ( Fig. 5C ). To test whether type-B ARRs directly regulate AG expression, we performed chromatin immunoprecipitation (ChIP) analyses using pARR1::ARR1-GFP transgenic explants at CaIM10. A previous study showed that sequences in the second intron of AG are sufficient for its proper expression pattern, while a 744 bp fragment within this region confers the carpel-specific expression pattern (base pairs 2,495-3,239, downstream of the ACG start codon; Deyholos and Sieburth 2000) . We analyzed fragments covering the second intron in the ChIP analyses (Fig. 6A) , and found that the fragment pAG-10 (base pairs +2,644 to + 2,911, downstream of the ACG start codon, containing part of the region sufficient for carpel-specific expression) was strongly enriched (Fig. 6B) .
The direct binding of ARR1 and ARR10 to fragment pAG-10, which contains two type-B ARR-binding elements, was examined by electrophoretic mobility shift assays (EMSAs). An oligonucleotide (base pairs +2,686 to + 2,736, downstream of the ACG start codon) including these two type-B ARR-binding elements was biotin labeled and used as a probe. Both ARR1 and ARR10 produced clear band shifts with the probe (Fig. 6C, D) . Moreover, the addition of excess unlabeled competitor probes effectively reduced the amounts of shifted bands, while mutated probes could not compete in the association with the ARR proteins. These results confirm that ARR1 and ARR10 directly associate with AG transcriptional regulatory regions to regulate its expression positively.
Type-B ARRs regulate carpel initiation in planta
Finally, we studied whether the type-B ARRs regulate carpel initiation in planta. We first visualized the expression patterns of ARR1, ARR10 and AG using pARR1::ARR1-GFP, pAG::AG-GFP and pARR10::ARR10-mCherry; pAG::AG-GFP reporter lines. The expression signals of ARR1, ARR10 and AG overlapped in the central region of flower primordia, suggesting that there is a regulatory relationship among these proteins (Fig. 7A) . Next, we determined whether defects in ARR genes affect floral organogenesis. We found that 15.71% of the arr1 10 12 pistils and 5.72% of the pistils in the am-ARR1/10/12 lines contained only one carpel (Fig. 7B) . Therefore, compared with the wild type, the arr1 10 12 triple mutant and am-ARR1/10/12 lines produced fewer carpels per flower, but did not show changes in other floral organs including stamens, petals and sepals (Fig. 7C) . These results indicate that type-B ARRs are required for carpel initiation in planta.
Discussion
Hormone-induced ectopic expression of organ identity genes is critical for cellular reprogramming during plant regeneration Plants are able to regenerate the whole body through establishing shoot and root apical meristems in vitro (Ikeuchi et al. 2016) . Also, different types of floral organs can be induced in vitro, independent of the regeneration of the plant body (Li et al. 2002 , Xu et al. 2004 , Guan et al. 2006 , Wu et al. 2008 , Cheng et al. 2010 . In recent years, significant progress has been made towards understanding specification of apical meristems , Kareem et al. 2015 , Iwase et al. 2017 , Meng et al. 2017 ). However, the mechanisms underlying organ regeneration remained largely unknown. In the present study, we established a carpel regeneration system using a medium containing a high concentration of cytokinin. Culturing callus on CaIM with cytokinin alone was sufficient to induce carpel regeneration, but at a lower frequency, which may result from the attenuated callus proliferation without auxin. The results showed that type-B ARRs activated the expression of AG, the carpel identity gene, thus triggering the cellular reprogramming that specifies carpel formation.
Recent studies have shown that during shoot regeneration, type-B ARRs directly activate the expression of WUS, which encodes a key factor for maintaining shoot stem cells, and reprogram callus cells into the shoot stem cell niche (Meng et al. 2017 . For root regeneration, auxin directly induces the expression of WUSCHEL-RELATED HOMEOBOX 11 (WOX11) and WOX12, which act redundantly to up-regulate LATERAL ORGAN BOUNDARIES DOMAIN16 (LBD16) and LBD29, and promote the conversion from procambium cells to root founder cells , Sang et al. 2016 ). Therefore, it seems that the ectopic expression of organ identity genes induced by hormonal signaling is the critical step for plant organ regeneration. Thus, it is possible to control organ regeneration by mediating expression of organ identity genes.
Type-B ARRs regulates carpel initiation through mediating specific AG expression
AG is required for the determination of the stamen and gynoecium in planta (Yanofsky et al. 1990 , Alvarez-Buylla et al. 2010 ). Overexpression of AG in Arabidopsis or Hyacinthus resulted in carpelloid sepals and stamioid petals, suggesting that the ectopic function of AG promotes the formation of both stamen and carpel structures (Mizukami and Ma 1992 , Mizukami and Ma 1997 , Li et al. 2002 . However, in our system, AG expression induced by exogenous cytokinin led to the regeneration of carpels, and not staminoid structures. It has been shown that different regions in the second intron of AG confer its stamenspecific or carpel-specific expression patterns (Deyholos and Sieburth 2000) . In developing flower primordia in planta, AG mRNA was detected in the third and fourth whorls before the initiation of stamen and carpel primordia, respectively, indicating that spatially specific expression of AG is sufficient for the initiation of stamen and carpel (Smyth et al. 1990 , Yanofsky et al. 1990 . Our ChIP and EMSA results revealed that during carpel induction, ARR1 and ARR10 specifically associated with the regulatory region sufficient for carpel-specific expression (Fig. 6) . These results suggest that type-B ARRs regulate the carpel-specific expression of AG, which is required for carpel regeneration.
Previous studies have revealed the relationship between cytokinin and carpel initiation. For example, in the ckx3 ckx5 double mutant, the endogenous cytokinin content and the number of carpels were increased (Bartrina et al. 2011) . In rice, mutations in LONELY GUY, which encodes a cytokininactivating enzyme, led to abortion of pistil initiation (Kurakawa et al. 2007 ). In maize, the spikelet meristem gives rise to two florets; the lower one aborts early and cannot generate a pistil. Expression of the cytokinin-synthesizing ISOPENTENYL-TRANSFERASE gene under an Arabidopsis senescence-inducible promoter resulted in the formation of a functional pistil in the lower floret (Young et al. 2004 ). These findings demonstrate that cytokinin plays positive roles in regulating carpel initiation. However, the mechanisms underpinning this process remain elusive.
In this study, we found that the expression areas of ARR1 and ARR10 overlapped with that of AG during flower development. Mutations in ARR1, ARR10 and ARR12 gave rise to flowers with only one carpel, suggesting that type-B ARRs regulate carpel initiation through mediating AG expression in planta (Fig. 7) . Our results demonstrate that the information derived from in vitro systems can help to understand mechanisms of biological processes in planta. Moreover, although defects in ARR1 and ARR10 significantly repressed carpel regeneration (Fig. 5) , carpel initiation remained normal. Similar trends have also revealed previously that double mutations in type-B ARR genes suppressed shoot regeneration but did not affect shoot development in planta (Meng et al. 2017 . We thus suggest that in vitro regeneration is more sensitive to defects in cytokinin signaling than shoot development in planta.
Relationship between explant types and regenerated organs
Besides stage 10 pistils, other explants, including petals, sepals, leaves and roots, were also tested for their ability to regenerate carpels. However, after 25 d of culture on CaIM, only calli derived from pistils gave rise to regenerated carpels (data not shown). Similar results were also obtained in our previous studies, indicating that explant type is important to regenerate the same types of organs (Li et al. 2002 , Xu et al. 2004 , Guan et al. 2006 , Wu et al. 2008 , Cheng et al. 2010 .
The transcriptional activities of key regulatory genes are always under spatiotemporal epigenetic regulation (He et al. 2011) . For instance, histone H3 lysine 27 trimethylation (H3K27me3), a transcriptional repressive epigenetic modification marker, is highly enriched at the WUS locus in mature leaves, where WUS is not expressed (Li et al. 2011 . The WUS locus exhibits a higher level of H3K27me3 and a lower level of H3 acetylation (the transcriptionally active modification) in early-stage than in late-stage leaf axils, correlating well with WUS activation and axillary meristem formation . The epigenetic regulation of AG expression has been suggested previously. In METHYLTRANSFERASE1 antisense transgenic plants, ectopic AG transcripts were detected in leaves, indicating that DNA methylation repressed AG expression (Finnegan et al. 1996) . Histone acetylation has also been suggested to be involved in the regulation of AG expression (Bertrand et al. 2003) . It is possible that during carpel regeneration, AG is under a permissive epigenetic environment in pistils, where it is easier for ARR proteins to activate its transcription and drive carpel formation. Furthermore, epigenetic regulation has been found to be cell division dependent in some cases, because cell division can dilute the inhibitory modifications (Sun et al. 2014 . This is consistent with our finding that carpels regenerated either from floral organ primordia or from callus, both of which contain actively dividing cells.
Materials and Methods
Plant materials and growth conditions
Arabidopsis thaliana ecotype Wassilewskija (Ws) was used as the wild type in this study. The T-DNA insertion mutants arr1-2 (At3g16857, CS6368), arr10-1 (At4g31920, CS6369) and arr12-1 (At2g25180, CS6978) were obtained from the Arabidopsis Biological Resource Center. Double and triple mutants of ARR genes were derived by crossing. The transgenic lines of am-arr1/10 and am-arr1/10/12, and the reporter lines of pARR1::ARR1-GFP and pARR10::ARR10-mCherry have been described previously (Meng et al. 2017) . To clear the genetic background, pAG::AG-GFP (kindly provided by Dr. Xuemei Chen, University of California at Riverside) was crossed with wild-type Ws for at least five generations. The pTFL1::GUS marker lines have been described previously (Guan et al. 2006) .
Surface-sterilized Arabidopsis seeds were sown on 0.8% Phytoagar plates [half-strength Murashige and Skoog (MS) salts, 1% sucrose, pH 5.7]. After vernalization at 4 C for 4 d, seedlings were grown under sterile conditions or in soil at 20-22 C, under long-day conditions (16 h 100 mmol m -2 s -1 white light and 8 h dark).
Plant regeneration
For the inflorescence and carpel induction, pistils from flowers at stages 9 and 10 were used as explants. Pistils were excised and transferred onto CIM: MS medium containing 2.5 mg l -1 2,4-D, 0.4 mg l -1 6-benzyladenine and 0.8% (w/v) agarose. After 25 d of culture on CIM, the calli were transferred onto medium containing 0.01 mg l -1 IAA and 2.0 mg l -1 ZT for inflorescence induction, or medium containing 0.01 mg l -1 IAA and 20.0 mg l -1 ZT for carpal induction. For ethanol induction, am-AG or am-ARR1/10 callus was incubated on CaIM to which ethanol was added to a final concentration of 0.05% (v/v). Wild-type callus cultured on the same medium was used as control.
Plasmid construction
Artificial microRNAs targeting AG were designed using WMD3-Designer and were cloned into an ethanol-inducible vector (Leibfried et al. 2005 , Zhao et al. 2010 to produce the pAlcA:am-AG constructs. The pAG::GUS vector, a 3,597 bp DNA fragment containing the second intron of AG, was PCR-amplified using the primers pAG-HindIII-F and pAG-KpnI-R, and was cloned into the pBI121 expression vector. The sequences of all primers are listed in Supplementary  Table S1 .
Scanning electron microscopy
The structures of the regenerated carpels were observed with a JSM-6610LV scanning electron microscope (JEOL) and photographed as previously described (Dai et al. 2014 ).
Histochemical GUS assay
For b-glucuronidase (GUS) staining, calli cultured for various periods on CIM or CaIM were harvested and fixed in 90% acetone on ice for 15 min, and were transferred into GUS staining buffer [50 mM NaPO 4 (pH 7.2) 2 mM X-Gluc (Sigma-Aldrich), 0.5 mM K 3 Fe(CN) 6 , and 0.5 mM K 4 Fe(CN) 6 ], vacuum infiltrated, and incubated overnight at 37 C. The calli were photographed using a stereomicroscope (SZX-16, Olympus) equipped with an Olympus DP72 digital camera. For anatomical analysis, stained calli were sectioned at 8 mm, stained with 0.2% ruthenium red and photographed using a stereomicroscope (BX-5, Olympus) equipped with an Olympus DP71 digital camera.
Confocal microscopy
For confocal microscopy, samples were prepared as described previously (Cheng et al. 2013 , Meng et al. 2017 . Images were captured under a TCS SP5II confocal laser scanning microscope (Leica) with a Â40 oil objective. Excitation and detection windows set-ups for GFP and mCherry were as described (Cheng et al. 2013 , Meng et al. 2017 ).
qRT-PCR analyses
To examine the transcript levels of genes involving floral organ development, calli after 0, 4 and 6 d incubation on IIM or CaIM were obtained ( Supplementary  Fig. S4 ). To test the regulation of AG expression by type-B ARRs, calli derived from the wild type, am-ARR1/10 lines as well as arr1 10 double and arr1 10 12 triple mutants after 6 d incubation on CaIM were used (Fig. 5C) . To examine the transcriptional levels of ARR1 and ARR10, callus derived from arr1 10 double mutants after 6 d incubation on CaIM was used ( Supplementary Fig. S6 ). To detect the effectiveness of artificial microRNA against AG, the inflorescences before and after 12 h ethanol treatment were harvested from am-AG lines ( Supplementary Fig. S5C ). Total RNA was extracted from tissues using TRI Reagent (Sigma-Aldrich). The full-length cDNA was generated with the RevertAid First Strand cDNA Synthesis Kit (Thermo Scientific). qRT-PCR was carried out on a Chromo4 real-time PCR system (Bio-Rad) using SuperReal PreMix Plus (Tiangen) with gene-specific primers. The gene transcript levels in each sample were normalized to that of the housekeeping gene TUBULIN2. Values shown are the mean ± SD of three biological replicates. The primers are listed in Supplementary Table S1 .
In situ hybridization
The calli cultured for 0, 6 and 10 d on CaIM were collected and fixed in FAA (10% formaldehyde, 5% acetic acid and 50% alcohol) at 4 C overnight., and then cut into 8 mm sections. RNA probes were synthesized and labeled in vitro, and the hybridized signals were detected as previously described (Zhao et al. 2006) . Photographs were taken using a BX-51 microscope (Olympus) equipped with a DP71 digital camera (Olympus).
ChIP assays
The calli of pARR1::ARR1-GFP lines cultured on CaIM for 10 d were used as ChIP materials. The chromatin extract was immunoprecipitated using anti-GFP (Sigma-Aldrich). The ChIP experiments were performed as previously described (Cheng et al. 2013 , Meng et al. 2017 . In all of the experiments, three biological replicates were performed. The primers and oligonucleotides sequences are listed in Supplementary Tables S1 and S2.
Electrophoretic mobility shift assays
To construct plasmids for the expression of recombinant ARR1 and ARR10 proteins, the full-length coding sequences of the two genes were amplified and cloned into the pGEX-4T-1 vector, which was expressed in the Escherichia coli BL21 (DE3) cell line to produce glutathione S-transferase (GST)-tagged ARR proteins. The ARR1/10-GST proteins were purified using Glutathione Sepharose 4B (GE Healthcare). Double-stranded oligonucleotide probes were synthesized and labeled with biotin at the 5' end. The EMSAs were performed using a LightShift Chemiluminescent EMSA kit (Thermo). The competition experiments were carried out with different amounts of non-labeled probes. Mutated competitors were generated by replacing two base pairs in the ARR binding elements (GATC/T to CTTC/T). The oligonucleotides of the probes are listed in Supplementary Table S2 .
